The recovery of valuable metals from waste is an important process for building a sustainable society. Solvent extraction 1) , coprecipitation 2) , an ion-exchange resins 3) , and solid-phase extraction [4] [5] [6] [7] [8] have been commonly used to separate metal ions from aqueous solutions. Among these methods, solvent extraction has been used recently to separate precious metals. However, sometimes harmful organic solvents such as benzene and chloroform are used. Therefore, for the treatment of liquid wastes, it is necessary to reduce the solvent amounts. In recent years, the coprecipitation method has not been used sufficiently because troublesome skill is sometimes required for a precipitate formation and so on. Because the solid-phase extraction method is comparatively simple, it has been widely used. It is considered that a chelating resin 9-11) that immobilizes a certain functional group on a resin or silica is useful for recovering valuable metal ions 12, 13) among the solid phase extractions. High selectivity for the target metal ions is obtained by selecting functional groups such as iminodiacetic acid, a dithiocarbamic acid, and an amidoxime, which are chemically modified on a solid-phase. However, the ability of these chelating resins to collect metals significantly decreases because of liquid wastes in strongly acidic aqueous solutions such as sulfuric acid. Although this method has been beneficial for isolating a metal ion from other types of ions by using only one chelating resin, it is not simple. Fig. 1 ) forms very stable complexes with several metal ions. In particular, DFB forms a colored complex with Mo, Ti, and V in a strongly acidic solution 14) . These complexes have been known as containing metals coordinated by the two or three hydroxamate functions of the ligand 15, 16) . In the previous studies, authors examined DFB characteristics in order to detect V (V) by the modified cellulose paper 14) and in order to concentrate metals by the solvent extraction 17)
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Desferrioxamine B (N-[5-[3-[ (5-aminopentyl) hydroxycarbamoyl] propionamido]pentyl]-3-[[5-(N-hydroxyacetamido) pentyl]carbamoyl]
propionohydroxamic acid) (DFB, Fig. 1 ) forms very stable complexes with several metal ions. In particular, DFB forms a colored complex with Mo, Ti, and V in a strongly acidic solution 14) . These complexes have been known as containing metals coordinated by the two or three hydroxamate functions of the ligand 15, 16) . In the previous studies, authors examined DFB characteristics in order to detect V (V) by the modified cellulose paper 14) and in order to concentrate metals by the solvent extraction 17) . As results, it was obtained that DFB was useful not only to detect and to concentrate metals but also to collect metals by the solid phase extraction. Compared with the solvent extraction, the solid phase extraction is no use of harmful organic solvent. Also, it is easy to separate and to collect metals by this method. Based on these knowledges, the study of the solid phase extraction with DFB was performed. A DFB which could complex with seven kinds of high-valence metal ions (i.e., Ti (IV) 14) , V (V) 14) , Zr (IV) 17) , Nb (V) 17) , Mo (VI) 14) , Ta (V) 17) , W (VI) 17) ) in a strongly acidic solution, was chemically modif ied on a polymer gel. High-valence metal ions were selectively adsorbed on a new chelate resin in a strongly acidic solution, and were desorbed from the resin using neutral-to-alkaline solutions. In addition, the developed separation and recovery method was examined. It was found that the DFB-modif ied sorbent is very useful for mutual separation and recovery of high-valence metal ions from various acidic industrial wastes in acidic media. Moreover, it is useful for recovering high-valence metal ions from low-concentration samples and for recycling the modified gel. The DFB-modified sorbent could be used to scavenge low-concentration metals from washing solution in producing semiconductor and so on. It is considered that the purpose of using DFB-modified sorbent is both recovering metals and protecting environment.
2．Experimental

2・1 Reagent
Cross-linked acrylic ester microparticles gel EG50OH was obtained from Hitachi Chemical Co., Ltd. (Tokyo, Japan) . The aqueous solutions of Mn, Co, Ni, Ti, V, Zr, Nb, Mo, Ta, and W were prepared by diluting 1000 mg/L standard solutions obtained from Kanto Chemical Corporation (Tokyo, Japan) . The used metal salts were as follows: Mn (NO 3 ) 2 
2・2 Apparatus
The study utilized the following equipment: the multi shaker MMS-300 manufactured by Tokyo Rikakikai Co., Ltd., a Horiba F-22 pH meter, a Hitachi S-4300 scanning electron microscope (SEM) , a Nippon Biorad SFT-6000 infrared spectrometer, a PerkinElmer OPTIMA 3300DV inductively coupled plasma optical emission spectrometer (ICP-OES) , and a Thermo Theta probe X-ray photoelectron spectroscopy (XPS) . In addition, a JASCO Corporation V-570 double beam spectrophotometer and a 1-ml quartz cell (light path length: 1 cm) were used for spectrophotometry. (Table 1) 2・3 Procedure Synthesis A 1.2 g solid DFB (1.85 × 10 -3 mol) was placed in a 25 mL cylindrical glass vial and was completely dissolved in 10 mL mixed solution having equal quantities of DMSO and distilled water with heating. A sodium hydroxide aqueous solution (1 mol/L) was added and adjusted to pH 9. Then, 0.1 g of the polymer gel (45-53 µm ) was added while stirring from 70 ℃ to 80 ℃ for 3 h. After suction filtration using a membrane filter, the harvested DFB gel was properly cleaned with methanol. the reaction solution were filtered using a membrane filter after the mixture was shaken for 10 min. The sample solutions were examined by ICP-OES (the yttrium internal standard method) before and after adsorption on the DFB gel, and the adsorbed amounts of each metal ion were calculated from the difference in concentrations. The adsorption percentage was determined from the ratio of the concentrations before and after adsorption.
Desorption The DFB gel, which adsorbed the metal ions, was placed in another 25 mL cylindrical glass vial, and an eluting solution ([pH buffer solution] T = 0.1 mol/L) was added. The DFB gel and the reaction solution were filtered using a membrane filter after they were shaken for 5 min.
The eluting solutions were measured by ICP-OES before and after desorption of each type of metal ion on the DFB gel and the desorption yields of each metal ion were calculated from the difference in concentrations. The desorption percentage was determined from the ratio of the concentrations on the basis of the predetermined adsorption amounts.
3．Results and Discussion
3・1 Synthesis of DFB polymer gel
First, several examinations were conducted to immobilize DFB on the polymer gel. An epoxy ring was selected for the functional group on the polymer gel because it is easy for the epoxy ring to react with an amino group in the DFB molecular terminal. Evaluation of the DFB gel synthesis was based on the adsorption amounts of the vanadium ion ( λ max = 485 nm, ε = Three ranges of polymer gel particle diameter were measured: (1) 8-12 µm, (2) 12-40 µm, and (3) 45-53 µm. The adsorption amounts of vanadium were as follows: (1) 0.066 mmol/g, (2) 0.078 mmol/g, and (3) 0.141 mmol/g. It is considered that the polymer gels showed the highest diffusion for the particle diameter range 45-53 µm, and the contact probability increased between the epoxy rings on the gel and the amino group in the DFB molecular terminal. Hence, the particle diameter range 45-53 µm was used.
To optimize the process, an experiment was performed to maximize DFB amounts at adsorption sites of the polymer gel surface. The relationship between DFB amounts used in synthesis and the adsorption amounts is shown in Fig. 2 . The adsorption amounts logarithmically increase with the DFB amounts and become approximately constant when the DFB amounts reach 3.1 × 10 -2 mol/g. It is believed that residual DFB reacted with the reactive groups in the gel after reaction with all epoxy rings on the surface of the polymer gel. Reactions of DFB with the internal reactive groups cannot compete with the reactive groups on the surface of the polymer gel. Therefore, it is believed that the adsorption amounts of vanadium increased logarithmically. When the reaction time of the DFB gel and the sample solution was prolonged to determine the maximum chemically modified amounts of DFB on 1g polymer gel, the vanadium adsorption amounts were 0.27 mmol/g. This result proved that about 0.27 mmol of DFB per 1g polymer gel was chemically modified. The equilibrium adsorption capacity of DFB gel is in no way inferior to that of the typical chelating resin 19) . An evaluation on the polymer gel, which chemically fixed DFB, was conducted. The polymer gel surface was examined using SEM. The observation result is shown in Fig. 3 . By comparing the SEM images of the base gel and the DFB gel, it is confirmed that the DFB gel surface changed from the base gel surface. It is suggested that modifying DFB led to grow branch from the base gel. These results suggest that non-uniformity of the polymer gel surface increased owing to the chemical fixation of DFB. Change in elemental composition of the polymer gel surface was confirmed by XPS. The result is shown in Fig. 4 . By comparing the XPS spectrum of the base gel with that of the DFB gel, it was found that a peak of the nitrogen atom 1s appeared at approximately 400 eV in the XPS spectrum of the DFB gel. This peak is considered to originate in the nitrogen composing DFB. The characterization of the chemical bond in DFB and the polymer gel was performed by FT-IR (ATR method) . The result is shown in Fig. 5 . The characterization was evaluated by comparing the IR spectrum of the base gel with that of the DFB gel. An infrared absorption peak appeared at about 1640 cm -1 in the infrared absorption spectrum of the DFB gel. The infrared absorption peak C=N-C, which appeared at 1670-1600 cm -1 (medium peak) 20) , is considered to be assigned to the double bond of the carbon and nitrogen atoms. Moreover, it is believed that the double bond originated from the carbon atom in the epoxy rings of the polymer gel and from the nitrogen atom in the amino groups in the DFB molecular terminal. When the concentration of the chemically fixed DFB increased, the infrared absorption peak at about 1640 cm -1 also increased.
3・2 Adsorption of metal ions
The optimum adsorption condition for each metal ion in the DFB gel was examined in the region with pH 0.3-10. The same experiment was performed for the base gel, which is not chemically modified for chelation, in order to confirm the adsorption of each metal ion on the polymer gel. Its result is shown in Fig. 6 . No difference is observed among the adsorption percentages of the three kinds of transition metal ions Mn (II) , Co (II) , and Ni (II) on the base and DFB gels in acidic and neutral solutions, whereas the adsorption percentage for the DFB gel in an alkaline solution is high. It was suggested that a hydroxide precipitation adhered to the surface of the DFB gel. On the other hand, the difference in the adsorption percentages of the seven kinds of high-valence metal ions Ti (IV) , V (V) , Zr (IV) , Nb (V) , Mo (VI) , Ta (V) , and W (VI) on both the gels is not observed at pH 10, whereas the adsorption percentage for the DFB gel is high at pH 0.3-8.5. Therefore, it was confirmed that the DFB site and high-valence metal ions form a complex at pH 0.3-8.5. It is considered that bare metal ions change to oxo complexes at several pH. However, their oxo complexes could be coordinated as vanadium complexes of DFB 16) . As a result, the transition metal ions and high-valence metal ions could be separated by changing the pH values. It is considered that the complexation of reactive groups such as the residual epoxy ring of the base gel and the adsorption of the hydroxide causes the adsorption of each metal ion on the base gel. The relative standard deviation of the ICP analysis for the metal ions was lower than approximately 2 % (10 determinations) .
The optimum adsorption condition for each metal ion on the DFB gel was examined for [acid] T = 0.5-6.0 mol/L because the complexation ability of the DFB site for the high-valence metal ions is greater under low pH conditions 17) . This result is shown in Fig. 7 . The three kinds of acids, hydrochloric, nitric, and sulfuric, were examined. It was proven that some ions are adsorbed and others are not adsorbed on the DFB gel among high-valence metal ions by raising the concentrations in all acids. The reasons for this are considered to be the influence by the difference in proton amounts among acids of equal concentrations, and by the formation of an oxo complex for the high-valence metal ions 18, 21) . The reaction time for the DFB gel and the sample solution was optimized to be 0-20 min. This was evaluated by absorption spectroscopy using DFB as explained in section 3.1. This result is shown in Fig. 8 . The adsorption amounts logarithmically increased with time and became constant after 10 min. It is considered that the residual metal ions reacted with the DFB Transmittance / % 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 (a) (b) groups in the gel after reacting with all DFB groups on the polymer gel surface. It was confirmed that adsorption equilibrium was accomplished at 10 min. Therefore, the optimum reaction time was determined to be 10 min. All adsorption experiments were performed for 10 min to be adsorption equilibrium. Compared with Chelex 100 which is iminodiacetic resin, ion-exchange rate of DFB gel was faster than the recommended adsorption time of Chelex 100 22) .
3・3 Desorption of metal ions
The optimum desorption condition for all high-valence metal ions on the DFB gel was examined for regions with pH 2-13.5. This result is shown in Fig. 9 . It was observed that highvalence metal ions with identical oxidation numbers exhibited similar desorption behaviors. Ti and Zr with oxidation number +IV were first desorbed at pH 13.5. V, Nb, and Ta with oxidation number +V were desorbed at pH < 13.5. Mo and W with oxidation number +VI showed an M-shaped or bimodal desorption behavior with the maxima at around pH 7-12. This may be a result of the difference in the formability of an oxo complex with high-valence metal ions of different oxidation numbers in high pH regions 21) . The relative standard deviation of the ICP analysis for the metal ions was lower than approximately 2 % (10 determinations) . The desorption time for the DFB gel that had already adsorbed metal ions was optimized to be 0-20 min. This was evaluated by absorption spectrophotometry using DFB as explained in section 3.1. This result is shown in Fig. 10 . The desorption percentage logarithmically increased with time and became constant after 5 min. It is conf irmed that desorption equilibrium was accomplished in 5 min. Therefore, the optimum desorption time was determined to be 5 min. All desorption experiments were performed for 5 min to be desorption equilibrium.
3・4 Mutual separation of high-valence metal ions
To discuss the results of Fig. 7 and Fig. 9 , it is necessary to consider the differences in the characteristics of adsorption among the seven kinds of high-valence metal ions and the behavior of desorption with different oxidation numbers. It is believed that mutual separation can be performed for liquid wastes, which contain several kinds of metal ions, in a strongly acidic solution by only changing the pH condition for adsorption and desorption. The mutual separation of highvalence metal ions was performed according to the experimental conditions shown in Fig. 11 . The results are shown in Fig. 12 . It became The adsorption and desorption of Ti, V, and Mo was high efficiency in mutual separation. On the other hand, that of Ta was low efficiency in mutual separation. However, Ta could be recovered by the adsorption and desorption in repeated several times. In addition, the swelling and contraction of DFB gel was no change in adsorption and desorption. Chelex 100, which is one of the iminodiacetic resins, is easy to swell and contract by pH change 24) . The property of DFB gel was superior to that of Chelex 100 in this point.
3・5 Chemical durability of the DFB gel It is considered that the DFB gel may leak DFB groups because the adsorption condition involves a strongly acidic solution. Therefore, an experiment on the chemical durability of the DFB gel was performed. The DFB gel was placed in a cylindrical glass vial and a vanadium ion solution adjusted to [HCl] T = 6.0 mol/L was added. The DFB gel and the reaction solution were f iltered using a membrane f ilter after this mixture was shaken for 10 min. After three washes of DFB gel (containing the adsorbed vanadium ions) with distilled water and sodium hydroxide aqueous solution, the DFB gel and reaction solution were filtered using a membrane filter. Then, the DFB gel was removed and placed in another cylindrical glass vial and the same procedure was repeated five times. The vanadium adsorption amounts were determined by absorption spectroscopy using DFB. The vanadium adsorption amounts were as follows: (1) 0.185 mmol/g, (2) 0.188 mmol/g, (3) 0.192 mmol/g, (4) 0.184 mmol/g, and (5) 0.177 mmol/g. The DFB gel did not leak DFB groups because fluctuations in vanadium adsorption were within ± 5 %. It is considered that the DFB gel is stable because the chemical modification of the DFB molecule on the polymer gel is because of the double bond. Hence, it was shown that DFB gel could be recycled. Not only the DFB-modified sorbent was possible to adsorb the high-valence metal ions under the strong acidic condition, but also it desorbed them under the neutral or alkaline condition. Moreover, the DFB-modified sorbent is very useful for mutual separation and recovery of high-valence metal ions from various aqueous industrial wastes in acidic media. The DFB-modified sorbent could be used to collect low-concentration metals from washing solution in producing semiconductor and so on. It is considered that the purpose of using DFB-modified sorbent is both recovering metals and protecting environment.
